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Optical burst transmission is a very promising way to implement Internet Protocol traffic by WDM and to guarantee payload transparency as well as a more efficient bandwidth utilization with respect to other solutions. 1 However, to properly amplify optical bursts, the optical amplifier (OA) should be stabilized to avoid burst distortions due to total input power variations. Electronic and optical gain control techniques have been proposed, 2, 3 but extreme conditions, such as the simultaneous drop of all but one WDM burst channels, may cause unacceptable amplitude variations of the surviving channel. Recently, by using a proper design of an optical gain-clamped (OGC) waveguide amplifier, we demonstrated immunity to transients due to add-drop operation or network restoring. 4 More recently we tested the same device in optical burst transmission and noticed a complex behavior when the repetition rate of the bursts approaches the natural device relaxation oscillation frequencies, 5 with some analogy to extremely low-gain lasers. 6 The use of the OGC optical amplifier (OGC-OA) for optical burst transmission was therefore questionable, and a deeper investigation is necessary to evaluate possible deleterious transmission impairments.
In this Letter we report the results obtained by an extensive investigation of these phenomena. In particular, we evaluate the effect of input power, pump power level, and cavity length on burst transients. The abrupt resonances and nonlinear behavior reported in Ref. 6 are confirmed, and we also show that a burst sequence may generate very complex dynamics with different periodicity. Supported by experiments and a suitable numerical model, we show that the impairments may be strongly reduced by decreasing the cavity length.
To investigate this issue we use a 30 cm long highly doped silica fiber and the OGC erbium-doped fiber amplifier (OGC-EDFA) setup shown in Fig. 1(a) . The laser cavity is formed by two fiber Bragg gratings (FBGs) with a 1550 nm center wavelength and reflectivities of 99.8% (HR FBG) and 95%. The signal channels are injected into the EDFA through a 90% / 10% splitter. The variable optical attenuator (VOA) allows gain tuning. 7 In our experiment the cavity length is set to 12 m, thus comparable with a standard EDFA (a few tens of meters), and we have evaluated the transient induced on a single channel in the worst case of all the other 15 burst channels arriving or dropping at the same time. We represent 15 burst channels' input power by introducing one signal with −1 dBm peak power into the OGC-OA at wavelength mod = 1537 nm. The light at 1537 nm is modulated by an acousto-optic modulator with a variable repetition rate and a duty cycle of 50%. To analyze the OA gain dynamics, we use a −13 dBm probe signal, representing the surviving channel out of 16 channels, provided by a continuous wave distributed feedback laser at probe = 1553 nm. Modulated channels and the probe channel are combined by means of a 50% coupler before entering the amplifier. With −1 dBm input power the pump power level for clamping (i.e., laser) threshold is 170 mW, and operating 14% above laser threshold (namely, at 194 mW of pump power), the OGC-OA provides an almost flat 14 dB gain in OGC mode over the whole C band. Figure 1(b) shows the variations in the output power of the probe channel when the saturating channels (15 burst channels) are ON-OFF modulated at 1 kHz. The variation is dumped within each time slot toward the steady-state condition, and a maximum peak-to-peak variation of about 0.3 dB is measured. We use as reference the output power level with single-channel input. The steady-state power level decrease with full channel load is due to a spectral hole-burning (SHB) effect.
7 Figure 1 (b) clearly shows that our OGC-OA has two characteristic relaxation oscillation frequencies: drop Ӎ 55 kHz after a drop operation (no burst channels) and add Ӎ 24.2 kHz after an add (all burst channels on).
Figure 2(a) shows the measured peak-to-peak gain variation of the amplifier with respect to burst repetition rate . The solid upper curve shows the result when we sweep the repetition rate from 0 to 100 kHz, and the dashed curve shows the result during the backward sweep. We note the presence of sharp resonances and a strong hysteretic behavior. A 1 dB gain maximum excursion in a quite large frequency range is measured. The floor value at the low repetition rate is due mainly to SHB. Note that the transient value is equally due to overshoot and undershoot, as can be seen in Fig. 2(a) , where the bottom curve shows the overshoot variation only.
We further investigated the transient at different frequencies and noticed a bistable behavior in resonance frequency ranges indicated by horizontal arrows in Fig. 2(a) , with a periodicity that is usually double ͑2T͒ the burst repetition period ͑T =1/͒. As an example, Fig. 3 shows some of the most interesting waveforms recorded: at 10 kHz, which is on the very left edge of the first resonance of Fig. 2(a) , we observe bistable behavior of the system between a waveform of period T (Fig. 3, black curve) and a waveform of period 2T (Fig. 3, gray curve) . Top traces in Fig. 3 show that at a 19 kHz repetition rate, well within resonance, bistable behavior is between two waveforms of the same periodicity 2T. In Fig. 2(b) we also show the experimental results with significantly lower input power modulation (total input power of −4 dBm and 50% drop). As can be seen, the gain variation is strongly reduced, to approximately onehalf in the decibel scale, and the resonance at around 80 kHz disappears.
The above experiments demonstrate that a standard OGC-EDFA may suffer transmission impairments. However, by means of a proper design of the amplifier, and considering the statistical behavior of real burst traffic, an OGC-OA that is almost insensitive to burst transients even in the worst case can be demonstrated. To pursue this goal, we developed a suitable simplified model of our device by applying the stability analysis to the OGC-OA configuration reported in a previous paper. 8 In our model the optical clamped amplifier is seen as a perturbed laser system, where signal powers act as a negative pump. With n 2 being the population of the upper laser level averaged along the length of the active medium, and P L the intracavity power at the lasing wavelength, the space-independent rate equations system describing the laser is
where K up is the upconversion constant, G and ⌫ are single-pass gain and loss, respectively, and L e is the optical length of the cavity. R P eff is the effective pump rate, accounting for the actual pump rate R P , the amplified N channels, and the intracavity laser power, which decrease erbium inversion (thus acting as a negative pump): where the output power of the ith channel is P out i = GP in i . We considered a two-channel system and numerically integrated Eqs. (1) and (2) by a RungeKutta method with proper initial conditions. Note that both amplified spontaneous emission and SHB effects are disregarded. Despite such approximations, our model results are sufficiently accurate to predict all the particular features of the OGC-EDFA observed, such as hysteresis, abrupt and asymmetric resonances, and double-period waveforms in the surviving channel gain dynamics. As a significant result we show in Fig. 4 the theoretical prediction in the case of an overthreshold of x = 1.6 with two cavity lengths, namely L 1 = 12 m and L 2 = 0.8 m. Note that, as expected, the increase in overthreshold (with respect to the value of x = 1.14 used in the experiments) reduces peak-to-peak variations, but the shortening of the cavity length results in a more effective and cost-free solution. In fact, the peaks are strongly reduced by a factor of ͑L 1 / L 2 ͒ 1/2 Ӎ 4 (see arrows in Fig.  4 ) as expected from OGC-OA theory. The latter solution also shifts dangerous resonance frequencies to higher values, potentially above 100 kHz, which can be assumed to be the upper limit of the burst transmission frequency range.
Note that the above investigation refers to the worst case of infinitely long burst sequences, but in real traffic the sequences are finite. Therefore we also evaluated the probability of having a burst sequence of a given length. Burst sequences can actually happen with a time-based burstifier, 9 which we applied for our case assuming that burst sequences arrive following a Poisson process. As an example, we estimated that the probability of having sequences of more than two bursts at = 40 kHz [which is within one of the strongest resonances in Fig. 2(a) ] is below 1%. Moreover, in the case of a two-burst sequence at = 40 kHz, the simulation predicts a peak-to-peak gain variation of only 0.2 dB instead of the value of about 0.6 dB reported in Fig. 2(a) . Therefore the induced impairment in real burst traffic is expected to be lower than the one reported above.
In conclusion, we have investigated in depth the dynamic behavior of optically gain-clamped amplifiers for optical burst transmission. We have demonstrated that a careful design using a compact gain medium results in very limited induced transients with peak resonance frequencies out of burst transmission frequency range. Therefore, also considering that the probability of long burst sequences is low in real burst traffic, an OGC-OA immune to burst gain impairments can be realized.
